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Calculating  Radial  Overflows  in  a  Turbina  Stags 
G.  V. Zhukovskiy 

Presented  are  experimental  data  on  the  testing  of  gas  turbine  stages  with  cylin¬ 
drical  boundaries  of  flow-through  part  and  2^1  *  4,8.  A  comparison  was  and*  with  the 
testing  calculations  using  simplified  and  inverse  equations  of  radial  equilibrium 
It  was  shown,  that  the  divergences  between  experimental  and  calculated  data  are  due 
to  final  phenomena  and  the  flow  through. 

Among  problems,  connected  with  raising  the  efficiency  of  the  flow  through  part 
of  modern  turbines  ,  the  problem  of  increasing  the  effectiveness  of  stages  with  mall 
iVl  occupies  one  of  the  focal  points.  It  was  established  that  the  use  of  a  generally 
adopted  in  industrial  practice  calculation  method,  baaed  on  the  integration  of  a  aiaf li¬ 
fted  equation  of  rational  equilibrium,  for  the  calculation  of  turbine  stages  with 
small  Vl  leads  to  substantial  errors.  The  effort  to  increase  the  efficiency  of  the 
latter  stages  Isada  to  ths  necessity  of  doing  away  with  the  use  of  simplified  formulas 
and  requires  the  creation  of  a  more  perfect  calculation  modal.  It  is  understood, that 
to  agreafor  such  a  change  in  basic  fornulaa,  which  leads  to  an  inorsass  in  volums 
of  calculation  operations,  is  advisable  only  for  these  stages,  for  which  this  compli¬ 
cation  will  allow  to  raise  the  efficiency  by  any  noticsabls  value.  In  this  way, ths  psth 
of  developing  methods  for  ths  calculation  of  flow  dimensionality  should  ba  not  only 
the  fotoulation  of  necessary  calculation  formulas,  but  also  tbs  indication  of  boundar¬ 
ies,  in  which  ths  uss  of  given  formulas  appears  to  be  suitable.  However  in  one  of 
the  published  reports  this  aspect  of  the  problem  has  not  bean  sufficie.  tly  elucidat¬ 
ed,  furthermore,  an  impression  oan  be  gained  from  examining  ths  individual  reports. 
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that  their  authors  do  reeccxaert  tha  abertomaeat  of  nsU|  tba  simplified  equation  of 
radial  equilibrium  whan  calculating  stagaa  with  relatively  large  Vl*  Art  ao,  la  re* 
port  by  Ya*A*Sirotkin  |L.lj  in  tha  role  of  an  example  of  using  tba  method  developed  by 
the  author  ia  given  a  cheek  calculation  of  stagea  with  cylindrical  bounder  la  a  of  tha 
flow  through  part  and  \rvt/ 1  *  Although  it  ia  point#  a  out  in  the  report*  that  tha 

use  of  the  proposed  method  is  racoasadad  first  of  all  for  stagea  with  sharply  exparting 
flow  through  section  and  Q/l  *  2-4,  the  author  emphasizes*  that  tha  calculation  of 
stages,  having  cylindrical  outlines  of  tha  flow  through  part  art  E^T-r/l«6  should  be 
made  not  cnly  from  gap  to  gap*  but  also  in  tha  zona,  occupied  by  rime,  with  consideration 
of  constraining  and  radial  velocity  oompoxuata* 

To  experimentally  confirm  the  latter  statement  it  was  found  possible  to  export  in 
necessary  direction  tha  investigation  involving  the  creation  of  a  family  of  gaa  turbine 
stagea,  carried  out  at  the  MEET  upon  the  initiative  of  A.I^Zavadsldy.  In  the  role 
of  investigation  object  waa  used  a  stags  with  cylindrical  outline  of  flow  through 
part  d^Ter/lm4»86),  Detailed  experimental  data,  obtained  on  this  stags  were  camp ar¬ 
ea  with  reasults  c€  cheek  calculations  by  tha  simplified  as  well  as  by  tha  inverted 
equations  of  radial  equilibrium* 


Jla^.ccctlmsd 

Before  analyzing  the  obtained  r*sults,it  c-c^j*  «l*/oi*  aTor  “relative  axial  projee- 

tioa  of  velocity  fit}  d-  Si-/©,.  _-r*lat- 
is  necessary  to  briefly  discus*  tha  matW  ive  radial  projection  of  veloeityeii 

1 -calculated  by  equation  (l)j  2-cxperiaent 
of  planning  the  tastad  stag*  and  tha  atX„  *  0.62}  2 -calculated  by  equation  (3) 

Solid  line-stage}  dash-dot-  annular  grid} 
method  of  processing  the  experimental  mat-  fitted-calculation* 

trial. 

Th^.  guiding  apparatus  of  the  stage  has  cylindrical  vanes  with  TS2A-40  profile* 

The  output  edges  of  the  vanes  were  directed  radially*  On  the  central  diameter  tha 
grid  pitch/chord  profile  ratio  was  0*717  and  tha  effective  angle  (ercsin  ration  of 
neck  to  pitch)  was  Of^  ^  19°40* •  During  the  calculation  the  angles  of  flow  outccn* 
from  the  guiding  apparatus  vara  considered  as  fixed  (gi wan), whereby  their  numerical 


values  were  accepted  in  accordance  with  flow  through  data  of  flat  grids*  On  the  central 
diameter  of  the  working  wheel  were  given  relative  pitch  of  vanes  0*75  and  effective 
angle  25°20' ,  In  this  way*  the  planning  of  stages  was  brought  down  to  calcu¬ 

lating  the  twist  of  working  vanes.  It  was  assumed  thereat*  that  the  parameters  of 
flow  at  the  injut  into  the  stage  and  the  static  pressure  behind  the  working  wheal 
-  constant  values  with  respect  to  height  and  pitch*  The  calculated  condition  of  stages 
was  characterized  by  the  given  velocity^*  C JQL*  *  0*676  (where a*  »~^kgRT^*  - 
speed  of  sound  over  decelerated  parameters  at  input)  and  by  the  ratio  u/e0  »  0*596* 
Stags  is  calculated  on  the  basis  of  a  simplified  equation  of  radial  equilibrium 


dp  I 

Jr  vg  ’  r 


(I) 


The  angles  of  flow  outcome  from  the  guide  apparatus  are  known,  consequently* 


by  integrating  (1)  it  is  possible  to  obtain  a  velocity  distribution  along  tha  height 
of  the  inter-rim  gaps  - 

=  =  (2) 

where  mr-velocity  on  central  diameter}  r  *  r/r  aTar  -  given  function* 

It  is  apparent*  that  to  satisfy  simultaneously  aquation  (1)  and  condition  pg  ■ 
const,  it  is  nsosssavy  to  have  an  axial  outcome  of  tbs  flew  from  the  stags  (02*02*)* 
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The  twist  of  the  output  edge  of  the  working  Tine  wee  aede  so,  that  et  any  gives 
radius  in  the  sections  in  front  and  in  the  rear  of  the  working  wheel  the  etrrent  den* 
aity  remained  constants  ej^/vi  *  ®2 Afee 

2-«athematical  processing  of  section  profiles  of  the  working  vane  was  dose  by 

tbs  method  introduced  by  A,X,Sherstyuk^U2]  • 

Examinations  of  stages  were  made  at  constant  initial  air  parameters  and  constant 
counter  pressure,  which  corresponded  with  the  conditions  of  calculation.  When  analysing 
the  ax  per  leant  the  efficiency  of  the  stage  is  determined  by  an  ordinary  method,  adopted 
at  the  15KTI,  whereby  the  loss  due  to  leakage  through  the  radial  ge p  above  the  work¬ 
ing  vanes  was  calculated  by  forsula  introduced  by  AJ-%Zavodovskijr|L-3j»  The  radial 
gap  over  the  working  vanes  was  1,5  mm,  which  at  a  75  »“  vans  height  and  mean  diameter 
of  365  cm  corresponded  to  2%  of  height  and  2 ,/£  of  frontal  area  of  the  vane*  The  mti- 

a 

nim  efficiency  without  the  use  of  output  velocity  reached  ^  Qi  *  0.86,  and  at  total 
utilization  of  output  velocity  ci  *  °»92- 

In  fig.1  are  given  dependence  graphs  ^  oj.»  ^  *«t*outp  and£  “P<®  u/«0*Solid 
lines  indicate  magnitudes  of  these  values,  calculated  on  the  basis  of  experimental 
data  and  the  dotted  lines  -calculated  values.  At  such  a  value  ^  was  calculated 
asa  mean  arithmetic  value  between  root  end  peripheral  reaction,  l,e#£  *0*5  (fp  *?k) 
and  the  loss  with  output  velocity  on  the  mean  diameter  zeta  *  (ej/eo)2, 

A  detailed  investigation  of  the  flow  in  the  gap  and  behind  the  stage  was  mads 
at  two  conditions.  Results  of  analyzing  the  condition,cloee  to  calculated  end  charac¬ 
terized  by  given  velocity  XQ  *  0*543.  ratio  u/e0  ■  0.615  aanher  *  5i5*W^e 

are  shown  in  fig.2-5  by  solid  linas. 

The  velocities  and  thsir  projections  art  raferad  to  magnitudes  of  eorraspondlhg 
values  on  theecntral  diameter  of  thevary  same  section.  The  rates  of  ths  flow  beyond 
the  guide  apparatus  (fig^,b  and  e)  wars  calculated  by  iaoantropic  fluctuations,  sad 
on  ths  working  whssl  (fig.3,a  and  0)  and  behind  the  stags  (fig.4*>»  *nd  0)  -  with  con¬ 
sideration  of  losses.  Redial  velocities  are  given  in  fractions  of  axial  velocity  on 
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mean  diaiutsr  of  corresponding  Motion.  And  ao.  on  fif«2td  is  shown  tho  relative 
radial  velocity  behind  the  guide  apparatus* 


Tjr  e|*  ^^1**111  T|*  v 

where  gana^-angla  betwen  meridional  and  axial  velocities  which  during  the  malysia  at 

ui  -ui. 

the  experiment  ia  calculated  aa  a  ratio  Y,  =  afctg — u - • 
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input  into  vorkingwhed  $  2-cndaa  angle  of  jeotion  of  Telocity  021  c-  Co»  *  °2rc2jt 
prof  lie*  o-W2  *  W2A2  aver”1’®1***'™  ▼•lo-  Aver-  relative  axial  projection  or  velocity  q. 
city  at  output  from  working  wheal  *  1— cal  d—  02*  •  relative  radial  projection  at 
culation  by  equation  (l);  3-calculation  by  velocity.  1-calculated  by  equation  (l)» 
equation  C3)j  d-  4-angle  of  flow  at  output  jwoalculated  by  equation  (3) 
from  working  wheel. 

where  £>],  -  axial  width  of  guide  apparatus  £li  and  ^  -  sectional  height  of  flow 
through  section  in  front  art  behind  the  guide  apparatus,  through  which  identical  amounts 
at  flow  peas. 

The  relativa  radial  velocity  behind  the  working  wheel  (fig.4,d)  wee  oalcn- 
lated  in  an  analogous  manner. 

She  lose  coefficient  in  the  guide  apparatus  aet^  (fig*5»«)  i*  determined  by  for- 

-u  © 

where  X  »  f  (5^)  -  fictitious  velocity  corresponding  to  relative  total  pressure 
in  inter-rim  gap. 
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When  processing  sxperismntal  data  the  loss  coefficient  to  tas  working  wheel  sate  w>w* 
(fig»5*d)  is  determine j  as  follows i 

In  this  formula  the  rho  values  of  the  reactivity  degree  (fig*5»a)  of  the  eoeffi- 
ci«Lt  if,,  <1,  c0*  ~h  coa  «i  >  and  values  of  energjr  loss 

coefficients  zeia^^  and  zetan  (fig,5»«  and  e)  -  veluss,  found  on  the  corresponding 
radius  in  accordance  with  experimental  data* 

In  addition  to  the  basic  test  pro  gran,  measurements  were  also  made  on  the  guide 
apparatus  with  working  wheel  removed.  The  chamber,  forming  in  place  of  the  removed 
wheel,  was  covered  with  a  special  ring*  On  the  mean  diameter  behind  the  annular  grid 
is  established  the  pressure  drop, equal  to  the  drop  on  the  mean  diameter  at  the  guide 
apparatus  when  testing  the  stages.  Results  of  these  measurements  are  given  in  fig*2,e 
b  and  c  and  d  by  dasb-dot  lines.  It  is  evident  frem  the  drawings  that  the  mentioned 
differential  equality  on  the  mean  diameter  ia  insufficient  to  assure  identical  para- 
mstera  over  the  entire  height  of  the  inter-rim  gp.  This  indicates*  that  the  perfor  — 
nance  of  the  anmiar  grid  guide  without  turbine  wheel  1b  not  always  equivalent  to 
performance  of  the  guide  apparatus  in  stags  conditions*  It  ia  apparent*  that  to  psa 
the  results  of  blowing  through  the  annular  guide  of  the  grid  directs  in  the  calcula¬ 
tion  of  stages*  it  ia  necessary  behind  the  annular  grid  to  assure  »ch  pressure  dis¬ 
tribution*  which  would  correspond  to  reaction  distribution  along  the  height  of  stages* 

In  addition  to  experimental  data  in  fig/5-5  are  plotted  valuas.vhicb  ware  obtained 
through  calculation*  IWo  spot  calculations  ware  made*  The  first  cos  was  mads  on  the  basis 
of  a  simplified  equation  of  radial  equilibrium  (l) .whereby  the  condition  of  the  work 
was  fixed  by  experismtally  established  parameters  of  deceleration  at  the  input  into 
the  stage  p0*.  Tfe*.  given  velocity  on  the  mean  diameter  in  the  inter-rim  gap}*  ^ 

>  t  (pi  aTgr)  aid  ratio  u/o0.  It  ia  evident,  that  the  use  of  equation  (1)  in  the  given 
case  has  no  strict  mathematical  foundation.  The  feet  is,  equation  (1)  Is  valid  for 
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cylindrical  flow.  The  angles  of  flew  out 
put  froa  the  guide  apparatus*  on  the  basis 
of  which  by  formula  (2)  was  calculated  the 
velocity  distribution  in  inter-rim  space* 
are  due  to  the  geometry  of  the  guide  apparo. 
tus  selected  by  us  and*  as  shewn  by  cal r 


culation  and  experiment  (fig*2*d)  they  did 

fig*5*^eae'tioi4e  r,^ciency  and  losses  in 
not  provide  flew  cylindritltqr  in  the  stage  at  \0  -  0.543 J  u/c0  *  0.615 

a-rho-reacticn;  b “V1' .  -internal  relative 
inter-rim  gap.  The  use  of  aquation  (1)  is  ^  °L' 


efficiency  vithout  uso  of  output  velocity; 

ordinarily  ar  gum®  ted  by  the  fact, that  c-  zetaoutri  =  (c2/eD)2-loss  with  output  ve¬ 

locity;  d-zetay>u>-los3  on  working  wheel; 
the  nagnitudo  of  radial  velocity  ia  low.  e-  setan-loss  in  guide  apparatus.  dotted 

line-calculated  values. 

But  equation  of  radial  equilibrium  inclu¬ 
des  not  only  the  radial  velocity*  but  its  derivative,  which  in  known  instances  my 
appear  to  be  compatible  with  c 2/r.  For  the  given  stage  the  maximum  calculated  value 
dep/dt  in  inter-rim  gap  reached  7%  at  o£/r. 

The  second  calculation  v. a  made  on  infinitely  thin  vanes  with  consideration  of 
radial  velocity  components  in  gap  and  behind  the  stage.  The  calculation  method  was 
developed  at  the  TSKTT  by  l*I.Zhukovs<dy  and  A.?.Thrabrln.  The  working  condition  of 
the  stage  wee  given  in  accordance  with  experimentally  determined  deceleration  para- 
metera  at  the  input  into  the  stags  p0*.  Te*,  parameters  of  air  delivery  G  and  the  rpm 


dr 


"cf  ^  r  **  /  \r  ’  T  °*  J 


(3) 


The  calculation  was  made  by  the  method  of  subsequent  approximations.  In  the  first 
th£/ 

approx  imation/^current  surfaces  were  made  cylindrical* and  the  distribution  of 
velocities  in  the  gap  was  adopted  by  equation  (2).  The  axial  velocity  on  the  mean  die- 
aster  behind  the  guide  apparatus*  which  in  given  ease  played  the  role  of  an  integra¬ 
tion  constant*  was  taken  from  experimental  results.  Leakage  through  the  redial  gip 


F?&»7T-63-8lA«B 


7 


above  the  working  vaaea  was  calculated  by  tha  A.i^^vadorckiy  formula,  and  tha  peri¬ 
pheral  current  line  was  cade  with  consideration  of  overlapping*  An  agreement  la* 
number  0f  solutions  has  been  attained  after  calculating  three  a. praximations*  For  the 
inter-rim  £jap  the  velocities  of  third  approximation  in  relative  values  at  e  scale  fig.2,b 
and  c,  have  practically  coincided  with  the  calculations  accord!  g  to  equation*  (l)  and 
(2).  C;.  the  other  hand,  it  is  evident  on  fig.2,  that  the  difference  between  calculated 
jr.jfaxrerunental  values  o  -  the  end  sections,  reached  noticeable  values*  On  the  center 
part  of  the  vans  were  naasured  the  magnitudes  of  angles  (fig.2, a)  and  losses  (fig*5»d) 
which  coincide:  with  values  obtained  for  flat  grids  of  cor res.  ending  .itch.  The  slope 
of  curves  of  angles  and  total  pressures  along  the  peripheral  section  i3  due  to  second¬ 
ary  final  flows.  A  similar  picture  is  usually  found  when  directing  the  flew  against 
flat  as  well  as  annular  grids.  1 he  flow  e bar a c tar is tics  near  the  root  diameter  ara 
also  due  to  secondary,  final  phenomena,  but,  as  is  evident  from  fig*2,a,the  nature 
of  the  root  secondary  flow  is  different  from  the  one  which  takes  place  on  the  periphwy. 


The  mentioned  chart  of  angle  and  loss  distribution  along  the  height  of  inter- 
rim  gap  appears  to  be  typieal  for  turbine  stages,  Kie  fact  is,  analogcus  experimental 
data  have  been  obtained  by  many  autho  s,  particularly  V.G.l^ryshkin’^Wp  and  Kh.L* 


3abenkojL.jp. 


Structural  characteristics  of  a  flow, passing  through  an  annular  guide  grid, have 
been  investigated  by  many  researchers.  It  is  shown  in  the  calculation  by  i**Ye*lavi 
na  and  ?.A.Romanenkoju6p  that  behind  the  annular  grid,  the  gocmetry  of  which  is  close 
to  the  one  adopted  in  our  investigation,  the  radial  overflows  should  be  directed 
toward  the  root,  have  a  maximum  near  the  mean  diameter  and  in  the  zone  of  subsonie 
velocities  deer,  se  with  the  rise  in  M— number  *  Ihese  mathematical  deliberations  have 
been  fully  confirmed  during  the  experiment  (fig*2,d),in  spite  of  the  fact  that  in  the 
given  case  the  radial  velocities  .were  small  (  not  more  than  2|X  of  axial  velocity  on 


the  mean  diameter)* 
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In  fig.3  and  k  are  shown  the  flow  parameters  in  relative  movement  in  the  working 
wheel  and  in  absolute  movement  behind  the  stage*  On  the  drawings  are  presented  values 
which  are  usually  in  operation  when  calculating  flow  through  part*  and  that  is  why 
the  graphs  require  bo  special  explanations*  In  view  of  the  lifted  volume  of  the  given 
report  it  is  difficult  to  give  here  a  description  of  the  calculation  order  of  the  vei- 
ues  listed  in  fig*3  and  to  give  a  detailed  analysis  of  individual  graphs*  It  must 

be  underlined  that*  as  is  evident  from  fig. 3  and  4*  the  difference  between  calculation 
by  simplified  (1)  and  inverted  (3)  equations  is  snail  in  comparison  with  the  divergen¬ 
ces  between  calculated  end  experimental  values  on  the  root  and.  peripheral  sections  of 
the  working  vane*  It  can  be  said*  that  these  dive  gences  on  the  working  wheel  are  rela¬ 
tively  larger*  than  on  corresponding  radii  of  root  and  peripheral  sections  of  inter* 
rim  gapln  addition  to  the  above  mentioned  final  (terminal)  flows*  the  cause  of  the 
mentioned  divergences  appears  to  ba  the  fact  that  the  distribution  of  parameters  on 
the  working  wheel  and  behind  stage  produces  a  considerable  effect  of  the  flow  through 
through  the  radial  gap  and  a  clogging  of  the  passing  section  on  account  of  bodies  of 
working  vanes*  Calculation  of  the  narrowing  [L-l]  shows*  that  in  comparison  with  curve 
3  in  fig*4*d*  on  the  root  section  will  take  place  additional  current  line  deviations 
in  direction  toward  the  bushing*  and  on  the  peripheral  section  -  toward  the  body  of 
the  turbine* 

Comparisons  showed, that  both  calculations  -  the  first  one  by  the  simplified  (l) 
and  the  second  by  the  developed  (3)  equation  of  radial  equilibrium  give  close  results 
l*e«in  the  cose  under  consideration  calculation  of  additional  members  in  equation  of 
radial  equilibrium  has  not  helped  to  eliminate  divergences  between  distribution  in  height 
of  calculated  and  experimental  flow  parameters*  This  is  due  to  the  fact  that*  first  . 
of  all*  radial  velocities  in  tested  stage  are  not  too  high  and*  on  the  other  hand* 
both  calculations  were  baaad  on  one  and  the  same  initial  data  on  the  distribution  of 
output  angles  and  losses  alone  the  height  of  the  grids* 
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It  is  concluded  cn  the  basis  of  above  made  sto tenants  that  for  the  given  stage  the 
deficiencies  of  ordinary  calculation  schemas  lie  not  only  in  the  incompleteness  of 
equation  (1)  as  cc snperei  with  equation  (3),  but  in  a  much  higher  degree  in  the  absence 
of  a  proper  calculation  of  the  effect  of  secondary  end  flows,  and  of  the  flow  through 
through  the  radial  gap  over  the  working  vanes. 

ivany  investigations  have  been  devoted  to  the  analysis  of  mentioned  phenomena, 
e.g.jL.7  end  8j  but  a  sufficiently  perfect  reply,  suitable  for  plant  calculations 
has  not  been  obtained  until  now.  rutting  aside  the  question  on  whether  th ?  practical 
calculations  should  include  secondary  flows  for  stages  with  quite  lengthy  vanes,  it 
can  be  said,  that  for  stages,  similar  to  the  one  exxuined  in  this  investigation  (i.e. 
with  cylindrical  boundaries  of  flow  through  section  and  D  ayer/l  a  4,8).  the  compli* 
cation  of  the  spatial  flow  calculation  is  not  justified.  It  is  understood  ,  that  the 
conclusion  made  does  in  way  reduce  the  actuality  of  further  developing  the  method  of 
calculating  spatial  flow  in  a  turbine  stags  with  lower  D/l  and  noncylindrical  outlines 
of  the  flow  through  section.  Further  research  has  to  be  organized  so  that  to  determine  the 
boundary  it  is  advisable  to  use  these  or  other  calculation  schemes  for  turbine  stages. 

Conclusions 

Testing  cf  stages,  planned  on  the  besis  of  e  simplified  equation  of  radial  equi- 
librium,  have  shown  fine  conformity  between  experimental  and  calculated  relative  para¬ 
meters.  The  difference  between  experiment  and  calculation  roaches  a  noticeable  magni¬ 
tude  along  end  sections  and  is  due  to  secondary,  end  flews,  and  on  the  working  wheel, 
in  addition,  to  the  flow-through  through  the  radial  gap  over  the  working  vanes. 

For  stages,  the  geometry  of  which  is  closed  to  the  gear® try  of  the  investigated 
stage,  it  is  inadvisable  to  complicate  the  calculation  by  solving  tbs  developed  equa¬ 
tion  of  radial  equilibrium. 

Distr ' bution  in  height  of  flow  through  section  of  flow  parameters  when  working  wheel 
is  removed  differs  from  the  dirtributicn, obtained  in  inter-rim  gap  when  testing  stages. 
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Measuring  Pressure  fltlssticns  end  Dynamic  Stresses  on  Rotating  Vanes 
of  an  Axial  Compressor 

by 

C.  S.  Saayloileh 

I.M.rls'oin 

Described  are  studies  of  pressure  pulsations  an:,  the  dynamic  stresses  of  axial 
compressor  vanes  caused  by  them*  The  investigations  were  conducted  by  the  tensometric 
sounding  method.  The  Condition  at  which  the  phenomenon  of  rotating  flow  separation 
takes  place,  was  investigated* 

The  phenomenon  of  rotating  separation,  which  originates  in  stages  of  an  axial 
compressor  at  a  reduction  of  gas  consumption  to  below  a  certain  minimum  point,  is  well 
known  at  present  time.  There  is  a  considerable  number  of  experimental  reports,  in  which 
the  general  laws  of  this  phenomenon  are  described.  The  Moscow  Ihergetics  Institute 
conducted  investigations  on  special  single -and  multi-stage  compressor  models,  and  on 
natural  mac  bines,  which  have  been  examined  on  the  LKZ  stand  and  on  an  operating  gas 
turbine  installation  of  the  Shatsk  electric  power  station.  A  part  of  these  investigations 
was  conducted  in  cooperation  wLth  the  U'Z ^Ul-iJ  • 

In  the  given  report  are  described  new  investi^tioa s,  devoted  to  measuring 
pressure  pulsations  and  dynamic  stresses  caused  by  them. 

The  investigations  wars  oarrisd  out  on  s  two- stage  axial  compressor  with  waning 
K-4*ussd  in  compressor  0X0-12  LKZ, 

The  geoastrieal  parameters  of  the  flow  through  part  of  this  c  empress  or  are  given 
in  tabls  1, 

In  addition  to  ths  conventional  measuring  apparataa  with  which  the  compressor 
1*  equipped  for  the  purpose  of  determining  characteristics,  ware  also  applied  lw 
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Inertia  measuring  devices,  used  for  studying  nonsta tlonary  phenonena< 
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6a 
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/? 
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>*ra 
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ft' 

Radial  gap 

66 

2?.  3 

Relative  radial 
gap  S/1,: 

633 

6  22 

i  ■■■■■■ 

To  measure  pulsations  of  total  pressure  and  static  pressure  low-inertia  tensometric 
probes,  developed  at  the  I-3X  »Moscow  Energetic s  Inst,  we  used* 

A  description  of  the  construction  of  these  probes  and  their  investigations  is  gi¬ 
ven  in\Ud"J.  In  this  report, in  oontrast  to|L,3j  were  used  probes  with  equilibrating 
chamber  (fig.l),  which  appear  to  be  universal  and  can  be  used  in  a  flow  with  low,  as 

well  as  high  static  pressure.  The  receiving  chamber  of  such  a  probe  has  minimum  fllmen- 
Oa  / 

sions,//  the  other  side  the  membrane  is  made  a  capacious  chamber,  into  which  air 
can  penetrate  through  the  choke  tube  (throttle  tube).  The  at  lume  of  the  chan  her  and 
the  resistance  of  the  throttle  tube  are  figured  in  such  a  way,  that  whan  measuring 


tte  pulsating  pressure  the  variable  pressure  component  behind  the  membrane  constitutes 
only  several  percentage  of  the  variable  component  in  front  of  the  membrane.  Constant 


pressure  components  are  equilibrated,  and  that  is  why  the  membrane  can  be  made  thin, 
aai  the  proce  -  sensitive.  The  dimensiontjof  the  cha  .ber  and  throttle  tuba  are  small 
otherwise  tin  membrane  could  suffer  rupture  during  pressure  surges. 
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The  probe  rtpifMBti  •  rigid  and  sufficiently  durable  coaatrmtiQQ.  All  basic  cepponanf 
are  Bade  of  staialeas  steel*  the  aeabraae  of  Permalloy.The  feeler*  glued  to  aaabraae 
with  BF-2  glue*  is  aade  of  Xonatantan  wire  with  a  diameter  of  0*03  nm  aad  it  tms  a 
spiral  form*  resistance  of  feeler  103-130  oboe.  The  qualities  of  the  probe  allow  to  use 
same  not  only  in  lab  coaditicas*  but  also  under  natural  coitiltloas  during  stand  aid 
action  testing s  of  machines.  Thesa  probes  were  used  in  testing  natural  GT-12-3  compressor* 
In  these  investigations  were  fixed  aad 
measured  the  pulsating  pressures  on  ro¬ 
tating  compressor  wanes  (aad  as  is  known 
to  us*  for  the  first  time).  In  working  wanes 
with  maximum  thickness  of  2  cm* were  made 
chambers*  in  which  were  situated  membranes 
with  tensometric  probes  (fig,2,b).  Tba 
chambers  were  covered  with  lids  hawing 
drainage  openings  with  a  diameter  of  0*8 
ma.  Die  arrangement  of  feelers  on  the  work¬ 
ing  wanes  is  shown  in  fig*2*a*Foeding  the 
signal  into  amplifying  and  recording  appa¬ 
ratus  is  realized  through  a  mercury  cur¬ 
rent  stripper*  Fig*  1, Tensometric  probe  for  full  pressure 

with  balanced  mesferaae 

To  measure  stresses  in  wanes  of  a  work¬ 
ing  wheel  and  guide  apparatus  tens  one  trie  feelers  were  glued  to  the  wanes* The  lead  j 

out  of  the  signal  from  rotating  wanes  is  also  rtalized  through  a  mercury  current 
stripper* 

The  described  apparatus  gawe  tba  possibility  of  studying  unstabla  aerodynamic 
phenomena  and  dynamic  strasaaa  in  the  waaas  oauaad  by  the*.  i 

We  shall  discuss  tba  experimental  results* 

In  fig*3  is  plottad  tba  ordinary  characteristic  (curve  1)  of  the  compressor  in 

I 
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coordinates 


t-v  -  © 

where  o#-  axial  velocity  at  input  into  the  first  guide  apparatus}  u-  circuferential 

velocity  on  outer  diameter) -  total  increased  pressure  in  compressor  )  ;v  density 

of  air  at  input. 

The  characteristic  curve  has  three  branches,  I^ormal  operations  branch  situated  in 

•  » 

zone  (f  >  0.4*  Vhen iq  drops'  to  0.4  and  below  in  the  compressor  stages  appears  a  rota¬ 
ting  separation  and  the  pressure  coefficient  *l|r  drops  (second  branch). She  third  branch 
corresponds  to  a  rise  in  the  ^coefficient  from  0  toy  a  0.45*  It  is  evident  from 
fic«3««  that  a  hysteresis  phenomenon  originstesi  departure  of  grids  from  the  separation 
takes  place  at  smaller  angles  of  a 'tack. then  the  input  into  the  stripping  condition 


MtttSpana  ^ 


Presence  of  rotating  separation  (break-away) 
is  coafirmad  by  direct  measurements  with 
the  aid  of  tensometric  probes.  In  fig.4 
is  given  an  oscillogram  recording  the  total 
pressure  behind  the  second  working  wheel  with 
the  aid  of  two  low-inertia  probes.  Phase 
displacement  of  two  processes  indicates  ro¬ 
tation  of  the  separation,  because  the  probes 
ere  situated  in  the  plane  of  the  wheel  at 
a  certain  agle  relative  to  each  Other.  The 
rate  of  the  rotating  separation  appears  to  b# 
a  stable  value  and  is  practically  independent 

Fig.fi.  a-arrsngement  of  tensometric  This  is  confirmed  by  measurement  re¬ 
ars  on  working  vanes  of  second  stage  of  7 

compressor;  b-  arrangement  of  membrane  gults,  drown  in  fig«5»  where  along  the  axis 
with  feeler. c-aenbrane  with  feeler  * 

of  the  ordinates  is  plotted  the  rate  of  ro¬ 
tation  of  the  break-away  zone  relative  to  the  stationary  observer  in  free ti cos  of 
circumferential  speed  of  the  vanes. 
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Xa  scat  working  condition*  art  observed  t-o  stably  rotating  zona*,  and  in  thia 
casa  their  rate  of  displacement  relative  to  tho  stationary  observer  is  reduoed  soma 

what. 

Keasureomnta  showad,  that  separation  originated  immediately  over  the  entire  height 
of  the  vanea  and  embraced  all  aerodynamic  gride.  The  relative  area  of  the  separation 
zona  e  is  in  approximate  linear  dependence  upon  y  (fig.6), which  is  observed  in  all 
experiments  in  rotating  separation# 

We  want  to  point  out  that  rotating  separation  originated  immediately  during  flow 
separation  in  the  working  grid,  i.e.  the  appearance  of  stable  stationary  (in  relative 
movement)  simultaneous  separation  on  all  vanes  ,  was  not  observed.  These  results  w era 
obtained  during  the  processing  of  films, on  which  were  recorde  the  pressure  pulsations 
on  the  working  vanes.  At  normal  nonseparating  working  conditions  tho  pressure  pulsa- 
tion  on  the  vane  is  vsry  leu  in  comparison  with  pressure  pulsaticn,ai pearing  during 
separation.  We  wi-1  analyze  the  oscillograms  pertaining  to  these  investigations. 

Oscillogram  a  of  that  series  (fig.7)*  pertains  to  the  zona  of  normal  compressor 
operation  (<f  ■  O.398;  l|f  *  O.485),  and  consequently  the  indications  of  the  pressure 
probe  recorded  in  form  of  weak  pulsation,  indicating,  that  the  flow  around  the  grid 
is  stable.  Oscillograms  b  and  c  pertain  to  the  second  work  zone  (y  ■  O.372 1  ijf  *0.456 
and  ^  -  0.262$  ^ *  0.41).  The  curve  of  pressure  feeler  indications  appears  to  be 
periodic  and  consists  of  sections  of  straight  lines, alternating  with  zones  of  strong 
pressure  pulsations.  It  is  apparent,  that  wherever  the  feeler  registers  constant 

pressure,  the  working  grid  is  in  noaseperable  conditio  ,  and  wherever  pulsation  does 
appear,  it  goes  into  separation. 

Examining  the  following  oscillogram*  all  the  way  up  to  oscillogram  d,  correspon¬ 
ding  to  total  discontinuation  of  consumption  (tjl  *  0),  it  can  be  ascertained,  that  . 
the  zona  of  separation  encompass#*  the  entireworking  grid)  the  feeler  records  large 

•  In  fig.7  81  upper  curve*»recording  of  dynamic  stresses}  central  curves  -  recor¬ 
ding  of  pressure  pulsation  on  the  profile,  lower  curves  -  recordings  of  timer  (5 30  «)• 


FTD»TlV63vf  I  /1*2 


16 


treasure  pulsations. 
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Fig«5**Bi^cndeace  of  _rnte  of  rotation  of 
separations  of  the  usep  zone  upon  the  con¬ 
sumption  coefficient  jp 


Prior  to  the  experimart  all  tens  coe trie 
pressure  sensing  elements  were  calibrated  by 

fig.3,asxiary  characteristics 

^characteristic  of  compressor  static  pressure.  In  the  assembled  circuit  of 

2-dinensionless  dynamic  stresses  in  guide 

vanes  G&yx/11  max  *  f7(^);  3-dimensionlessjtens«*aetric  amplifier  bridge  parallel  to  tin 
st  ’ 

curve  of  static  pressure  pulsation  on  rota  sensing  element  is  connected  a  group  of 
ting  venae;  ^-dimensionless  dynaude  stree 

see  in  working  vanes  P  *  f (<f  )|  resistors*  on  which  a  resistance  9-10 

'5’adinsnsicnle:is  static  stresses  in  working  was  selected.  By  changing  this  shunting 
vanes  6 M  d  «•«  »  t ) 

*  resistance  the  bridge  is  debalanced  equal 


to  the  unbalance  from  the  jsrobe  at  a  definite  pressure  drop  on  the  membrane.  In  this 


way  it  is  possible  to  accurately  establish  the  drop  on  the  Qembvane  of  the  sensing 
element  of  probe.  This  relationship  ie  preserved  for  any  sensitivity  and  for  any  re¬ 
gistering  apparatus.  During  the  experimentation  is  possible,  by  changing  the  shunt  re¬ 
sistance  into  a  calibration  value  to  obtain  a  Jump  in  recording  probe  indications 
which  allows  to  decode  the  pressure  pulsation  amplitude  recording  in  the  vase  appara¬ 


tus. 

As  result  of  analysing  these  observations  was  obtained  a  dependence  of  pressure 
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pulsation  leva!  at  various  warkin?  conditions  of  the  compressor. 


.  *  a!-* 

Sjg?| 

Fig. 6. Dependence  of  relative  area  of  sepa. 
ration  zona  a  upon  coefficient  of  consunp- 
tioag 

In  fic.3  is  given  the  obtained  in  such  way 

curve  of  static  pressure  pulsation  level  on 

the  profile  of  the  vane.  Along  the  axis  of 

the  ordinates  is  plotted  the  dimensionless 
—  ,  2 

value  dp  s  2d  p/»  w,  *  i.e.  pressure  pulse. 
Fig.?. Oscillograms  of  dynamic  stresses  ' 

in  working  vanes  and  pressure  pulsations  tion/)p  taken  in  fractions  of  kinetic  energy 
in  them,  a -normal  work  zonaj^e  0.398 1 

^  *  O/483 1  b  anc  c-  separation  work  zonal  of  flow  in  relative  movement  when  entering; 


(}=  0.372 jtK  O.456;  0.282 i n(p 

0.41;  d-work  zona  at  zero  coasumpt 


.41;  d-work  zone  at  'zero  consumption; if? 0.  the  working  grid  at  maximum  pressure* 

Upon  the  appearance  of  a  rotating  separation  the  level  of  pulsations  rises  by 
leaps  and  bounds.  The  pressure  surges  &  p  at  rotating  separation  constitute  approxi¬ 
mately  22%  of  the  kinetic  input  energy(uhich  causes  a  sharp  rise  in  dynamic  stresses 
in  the  vanes.  Pressure  pulsations  taken  from  oscillograms  (fig.7  and  8)* 


During  the  experiments  were  measured  the  dynamic  stresses  in  working  and  guide 
vanes,  and  the  corresponding  static  pressures  as  veil* 

In  fig*3  are  shown  curves  2  and  4  of  maximum  in  given  case  dynamic  stresses  in  work- 
king  and  guide  vanes,refa^d  to  corresponding  static  stresses  at  maximum  pressure  of 
the  stege.  Upon  the  appearance  of  rotating  separation  the  dynamic  stresses  in  the 


vanes,  oscillating  with  natural  frequency,  constitute  approximately  30-JC  at 
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corresponding  marlmua  static  pressures* 

Simultaneous  recording  of  dynamic  stresses  and  pressure  pulsations  on  the  working 
vanes  (fig.7)  allows  to  study  the  interesting  phenomenon. 

Am  is  evident  from  the  oseillo^reas  in  e  majority  of  compressor  working  conditions 
the  periodicity  of  stress  rise  in  the  Tanas  is  equal  to  the  period  of  rotating  separa¬ 
tion;  tout  in  soma  working  conditions  there  is  no  such  conformity  and  stresses  of 
flutter  nature  are  predominant.  This  pertains  especially  to  guide  vanes  (fig.8)  which 
is  apparent*  and  explained  by  their  performance  in  separation  media.  The  rotating  zone 
»  has  in  its  beginning  during  the  morenmt  relative  to  a  stationary  observer  a  maxi- 
mire  pressure  pulsation  amplitude;  at  the  end  of  passing  the  zone  of  separation  the 
amplitude  of  pressure  pulsations  dw'cre-ses.  Since  rotor  vanea  catch  up  with  the  zona 
of  rotating  separation  (relative  to  stationary  observer) .which  revolves  at  a  rate, lesser, 
than  the  rotor,  pressure  pulsation  are  increasing,  which  is  evident  on  the  oseillo- 
grams  fig.7.  In  the  guide  vanes  -  phenomenon  is  in  reverse*  there  is  a  decrease  in 
Fulsation  in  rato  to  passing  the  separation  zone.  This  is  also  evident  frem  the  oscil¬ 
logram  fig.8.  In  working  vanea  is  observed  first  a  flash-up  of  stresses  at  the  input 
into  the  separation  zona,  after  which  the  stresses  drop,  in  spits  of  the  fact  .that 
the  pressure  pulsation  amplitude  at  the  output  from  the  separation  zone  rises  in  c ca¬ 
parison  with  the  entry  into  it.  This  phenomenon  is  explained  by  the  fact,  that  the  work, 
ing  vane  having  fallen  into  the  zone  of  rotating  separation 

receives  an  excitation  pulse.  During  this  very  same  period, consisting  of  the 
rotating  zone  and  necml  work  fra&aait,  the  vane  calms  down  (stress  amplitude  decreases, 
fig.8,b. 

The  period  of  stress  rising  and  falling  is  equal  to  the  period  of  rotating  separa¬ 
tion.  Particularly  clearly  visible  are  the  3tress  drop  and  rise  periods  where 
rotating  separation  has  the  least  relative  length,  in  the  point,  where  the  zones  of 
rotating  separation  here  a  diffused  nature,  the  cecillagrnaa  of  dynamic  stresses  have 
clear  period  either. 
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About  static  stresses  in  working  Tanas  and  the  nature  cf  their  change  opinions  c«n 


be  aada  from  oscillograms  and  plotted  resultant  curve  5  in  fig*3* 

The  experimental  curve  of  static  stresses  has  a  maximum, corresponding  to 

wHram  pressure  of  the  ooapressor,  and  it  drops  with  the  decrease  in  delivery  (coasump_ 
tion).  The  static  stresses  curve  does  not  pass  through  the  beginning  of  coordinates, 
bccausa  the  war  king  canes  have  a  certain  heaping  in  the  plane  of  rotation  and  that 
is  we  have  t>  constant  cco*cnent  of  static  stresses. 

Static  sere:  sea  were  token  down  with  repeated  checking  of  the  balancing  of  ths 
tenscrietrlc  apparatus  when  passing  characteristic  wc rk  conditions. 

The  basic  characteristics  were  repeated  *  *  '  * 

and  connected  with  each  other  several  times 
cea,  so  as  to  gain  the  possibility  of  aseer- 
taining  that  the  balancing  and  indication 
correctness  of  tha  recording  instrument  are 
preserved.  The  magnitude  of  the  stresses 

Fig.8*0scillograis  of  dynandc  stresses  in 

was  evaluated  by  the  calibration  pulse  guide  vanes  and  pressure  pulsations  on  them. 


of  the  measuring  tensciaetric  apparatus* 
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